The detection of 5-hydroxymethylcytosine (5hmC), a newly recognized epigenetic mark, is essential to its functional study. Here, an efficient and simple two-step-amplification method to detect 5hmC mediated by glucosylation is reported, which combines rolling circle amplification (RCA) and a quantitative polymerase chain reaction (qPCR). In the first step RCA, the glucosylated 5hmC (5ghmC), but not 5hmC, 5-methylcytosine (5mC) or cytosine (C) bases, could directly and specifically inhibit the activity of phi29 DNA polymerase, resulting in less RCA product compared to that using C-/5mC-/5hmC-containing templates. Then, the second step qPCR is adopted to test and verify the difference of the product quantity of 5ghmC-related RCA. The results show that the delta cycle threshold, ΔCt, obtained by subtracting the cycle threshold value (Ct) of C-related qPCR from that of each qPCR, of 5ghmC-related qPCR reaches 1.59 ± 0.03, significantly different from that of C-/5mC-/5hmC-related qPCR (-0.00 ± 0.09, 0.06 ± 0.08 and -0.02 ± 0.03, respectively). Meanwhile, a linear relationship is observed between the 5ghmC levels and the ΔCt values. This suggests that the strategy has a potential application for 5hmC detection and quantification.
Introduction
DNA methylation is one of the most important epigenetic modifications. 1-3 5-Hydroxymethylcytosine (5hmC), an oxidative product of 5-methylcytosine (5mC), was recently found to also play key roles in many critical biological processes, such as embryonic-stem cell differentiation, 4,5 tumorigenesis 6-8 and neuronal functions. 9, 10 Knowledge concerning the abundance of 5hmC, especially the location and distribution of 5hmC within specific genes, is important to further reveal its cellular functions.
Several methods have been developed to detect the abundance and distribution of 5hmC within the genome, such as affinitybased high-throughput sequencing, 11, 12 restriction endonucleasemediated detection methods 13, 14 and chemical single base conversion. [15] [16] [17] Among these methods, the selective glucosylation of 5hmC residues by T4 phage β-glucosyltransferase (T4 βGT) is widely used as a pretreatment step to detect 5hmC. Glucosylated 5hmC (5ghmC) could function as a protection from both the digestion by restriction endonuclease 18 and the oxidation by Ten-eleven translocation (Tet) proteins. 15 Meanwhile, the specific interaction between 5ghmC and many other molecular, such as J-binding protein 1 11 and boronic acid (BA), 12 could assist the subsequent PCR, microarray or highthroughput sequencing procedures in 5hmC detection. Also mediated by glucosylation, Song et al. 19 reported a strandspecific, base-resolution method to detect 5hmC using single-molecule, real-time (SMRT) sequencing technology. The method by adding an extra group of -N3-HS to form HS-N3-5ghmC increased the interpulse duration (IPD) ratios of 5ghmC to obtain a better resolution.
Besides 5ghmC, many other base modifications could also be detected by SMRT, like N6-methyladenine and N4methylcytosine. 20, 21 However, the slight kinetic signatures of 5mC and 5hmC made it very difficult to directly distinguish them from normal C in SMRT. 19, 20 The reported different IPD ratios produced by cytosine modifications indicated the fact that phi29 DNA polymerase, which was adopted in SMRT, would show poor capability in distinguishing 5hmC and 5mC from normal C, while 5ghmC modification could impair its amplification activity.
Based on this phenomenon, we combined the rolling circle amplification (RCA) and quantitative polymerase chain reaction (qPCR) for quantitative 5hmC detection in this study. Firstly, rolling circle amplification was performed to create a product quantity difference between the reaction with 5ghmC-containing template and those with C-, 5mC-or 5hmC-containing templates using phi29 DNA polymerase. To further characterize the discrepancy among RCA products, the next step qPCR was adopted. The cycle threshold (Ct) of qPCR, which is the cycle number with a fluorescence signal equal to the defined threshold, reflects the specificity the 5ghmC modification in the glucosylation mediated RCA-qPCR assay. By taking advantage of the two-step amplification, the proposed RCA-qPCR method can be used for the fast and sensitive detection of 5hmC modification in DNA probes without any reliance on a sequencing instrument. What is more, the proposed method is not limited to specific sites, like the endonuclease restriction method. 13, 14 This RCA-qPCR assay could potentially be used in the fast and sensitive detection of 5hmC in targeted genes and DNA fragments isolated from cells or tissues.
Experimental

Reagents and chemicals
All oligonucleotides ( 
Apparatus
The PCR was performed on a MyCycler Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA). qPCR proceeded in the Mx3005P Real-Time qPCR instrument (Stratagene, La Jolla, USA). Modification levels analysis of dsDNA probes was done by high-performance liquid chromatography-tandem mass spectrometry (Agilent 6410B, Santa Clara, CA).
Synthesis, purification and characterization of the dsDNA probes
PCR was used to synthesize the normal cytosine containing dsDNA probe (C-dsDNA probe). The designed PCR forward primer and PCR reverse primer (see Table 1 ) were used to amplify a 500-bp DNA fragment from the human Tet1 catalysis domain (Tet1 CD) gene (Sequence of plus strand of the PCR product was listed in Table S1 (Supporting Information)). The reaction was prepared by mixing 200 nM PCR forward primer, 200 nM PCR reverse primer, 48 nM human Tet1 CD DNA plasmid and nuclease-free water in 25 μL 2 × Taq PCR master mix (containing 250 nM of each dNTP) to the final volume of 50 μL. The PCR program was set as: initial de-generation at 95 C for 5 min, 40 cycles of denaturation at 95 C for 30 s, annealing at 56 C for 30 s, extension at 72 C for 1 min and a final incubation at 4 C. All PCR products were identified by 1% agarose gel electrophoresis, and then recovered with a TIANgel Midi Purification Kit.
The dsDNA probes modified by 5mC or 5hmC were also obtained by the PCR method, but the dCTP in the reaction was replaced either by the mixture of 5mdCTP and dCTP or by the mixture of 5hmdCTP and dCTP. By controlling the input ratio of 5mdCTP or 5hmdCTP to dCTP, we could obtain dsDNA probes with different modification densities. For preparing probes with about 70 5mC or 5hmC sites per 1000 C (5mC-/5hmC-dsDNA probe), the 50 μL PCR reaction was performed with the components listed as below: 12 μM Identical PCR program and product recovery procedure as above were adopted.
By using a glucosylating 5hmC-dsDNA probe, we produced a 5ghmC-dsDNA probe. Using the above 5hmC probe D-1, D-2, D-3, D-4, D-5 as substrates in a glucosylation reaction, the 5ghmC probe D-1, D-2, D-3, D-4, D-5 were obtained, respectively. The glucosylation reactions were performed as before. 12 All dsDNA probes were confirmed by high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/ MS) analysis, as previously described. 22 
Preparation of circular templates
A hairpin-looped adaptor ( Fig. S1 (Supporting Information)) was used in the ligation reaction to obtain circular RCA templates. The adaptor ( Table 1) was first heated at 95 C for 10 min and then slowly cooled down to room temperature to form the hairpin-looped structure. A dsDNA probe (0.3 pmol) and an adaptor (10 pmol) were mixed in a 1 × T4 DNA ligase buffer containing 400 units of T4 DNA ligase. Specifically, for RCA-qPCR using probes with different 5ghmC density, synthesized probes containing different 5ghmC density (5ghmC probe D-1, D-2, D-3, D-4, D-5) were used to prepare circular RCA templates; for RCA-qPCR with templates containing different 5ghmC molar ratios, we diluted the 5ghmC-dsDNA probe using the C-dsDNA probe at molar ratios of 0:1, 1:14, 1:5, 1:2, 1:1, 2:1, 9:1, 1:0 (5ghmC-dsDNA probe: C-dsDNA probe). Then, the dsDNA probe mixtures were ligated with an adaptor to form circular templates. The total amounts of templates used in the ligation reaction were kept at 0.3 pmol. The ligation reactions were incubated at 16 C overnight to ensure successful ligation, and were terminated by a thermal treatment at 65 C for 15 min.
Then, 10 units Exo I and 30 units Exo III in 1 × NEBuffer 1 were added to digest the un-cyclized products. The process was performed at 37 C for 1 h, followed by 20 min at 80 C to inactivate.
RCA-qPCR reaction of circular probe
The circular templates (1 μL) were hybridized with an adaptor primer (10 pmol, Table 1 ) at 95 C for 10 min, followed by slowly cooling down to room temperature. Then, 200 μM dNTP mix, 333 mM BSA, 10 mM NaCl, 5 units phi29 DNA polymerase, and variable nuclease-free water were mixed with the resulting templates-primer complex in 1 × Tris-HCl buffer (150 mM Tris-HCl, 10 mM MgCl2, 10 mM (NH4)2SO4, 4 mM DTT, pH 7.5) to a final volume of 30 μL. The RCA reaction was incubated at 30 C for 4 h in the heat block, followed by an enzyme inactivation step for 10 min at 65 C. After 1 μL of inactivated RCA products was diluted by 10 times and used in qPCR as templates, a 500 nM qPCR forward primer, a 500 nM PCR reverse primer (Table 1 ) and 1 μL diluted templates were added to 1 × GoTaq ® SYBR Green qPCR Master Mix to a final volume of 20 μL. The cycling conditions were set as: initial denaturation at 95 C for 10 min, 40 cycles of PCR including denaturation at 95 C for 30 s, annealing at 58 C for 30 s and extension at 72 C for 1 min.
Results and Discussion
Strategies for 5hmC detection with the glucosylation-mediated RCA-qPCR method
The overall strategy of the RCA-qPCR method is shown in Fig. 1 . C-, 5mC-, and 5hmC-dsDNA probes were first obtained by the PCR method, and the 5ghmC-dsDNA probe was obtained by the complete glucosylation of the 5hmC-dsDNA probe.
Then, circular RCA templates were prepared by ligating the C-(green), 5mC-(blue), 5hmC-(orange) or 5ghmC-dsDNA probes (grey) with a hairpin looped adaptor (red), which was 45 nt oligonucleotides, containing a 9-nt paired hairpin ( Fig. S1  (Supporting Information) ). Since the un-cyclized probes left by the ligation reaction might interfere with the fluorescence signal of the following qPCR reaction, Exo I and Exo III were used to digest the un-ligated or semi-ligated probe, as previously reported. 23 Phi29 DNA polymerase was then applied to amplify the circular templates containing C/5mC/5hmC/5ghmC. The primer was designed to be complementary with the circular part of the adaptor. We hypothesized that the specific inhibition effect of 5ghmC on the activity of phi29 DNA polymerase would lead to a quantity decrease of 5ghmC-related RCA products (light grey), comparing with that of C-(light green), 5mC-(light blue) and 5hmC-related RCA products (light orange).
Then, RCA products were used as templates in the following qPCR reactions. Since Ct values of qPCR were determined by the initial amounts of template, the amounts of RCA products could be evaluated in the second amplification step. In this way, the obtained Ct values could be a potential parameter to evaluate the 5ghmC levels of the original dsDNA probes.
RCA-qPCR method could specifically detect 5ghmC
To test the speculation that our RCA-qPCR method could specifically detect 5ghmC modification, dsDNA probes with different cytosine types were first synthesized and characterized. As shown in Fig. S2 (Supporting Information) , there were 72.71 ± 4.70 5mC, 69.51 ± 3.47 5hmC and 69.48 ± 3.47 5ghmC per 1000 C in 5mC-dsDNA probe, 5hmC-dsDNA probe, and 5ghmC-dsDNA probe, respectively. Also, there was no statistical significance in the modification density among the 5mC-/5hmC-/5ghmC-dsDNA probes, indicating the modification contents of the 5mC-, 5hmC-, 5ghmC-dsDNA probes were statistically identical, which exclude the influence of the modification levels on this assay, leaving the modified cytosine type as the only influential factor.
Followed by the ligation reaction, which cyclized the obtained dsDNA probes, the RCA-qPCR reactions using circular C/5mC/5hmC/5ghmC templates were performed in parallel. Figure 2a presents the typical amplification curves of the qPCR reactions using the C-/5mC-/5hmC-/5ghmC-related RCA products as templates. The amplification curves of 5mC-/5hmCrelated qPCR overlapped with that of C-related qPCR, while the amplification curve of 5ghmC-related qPCR lagged behind the other three, which indicated the template quantity difference of 5ghmC-related qPCR.
The Ct values of C-, 5mC-, 5hmC-and 5ghmC-related qPCR were 22.07 ± 0.09, 22.01 ± 0.01, 22.06 ± 0.08, 23.66 ± 0.10, respectively.
The delta cycle threshold (ΔCt) for the C-/5mC-/5hmC-/5ghmC-related qPCR reactions were calculated by subtracting the Ct value of the C-related qPCR from that of the C-/5mC-/5hmC-/5ghmC-related qPCR reactions (ΔCt[C/5mC/5hmC/5ghmC]=Ct[C/5mC/5hmC/5ghmC]-Ct[C]). As shown in Fig. 2b , the ΔCt values of the 5mC-and 5hmCrelated qPCR were -0.06 ± 0.08 and -0.02 ± 0.03, respectively, showing no statistical difference to the value of C-related qPCR (-0.00 ± 0.09). However, the ΔCt value of 5ghmC-related qPCR reached 1.59 ± 0.03, which was statistically different to that of C-related qPCR reaction (p <0.0001).
Since the Ct value is reversely related to the initial template quantity of qPCR, the increased Ct value of 5ghmC-related qPCR reaction indicated that there were less amounts of templates, which were produced by the RCA reaction with the circular 5ghmC-containing template. Therefore, the above results not only confirmed our hypothesis that the activity of phi29 DNA polymerase in RCA was specifically installed when replicating 5ghmC modifications, but also suggested that this RCA-qPCR method had the capability to analyze 5hmC through glucosylation.
Quantitative evaluation of 5hmC by RCA-qPCR method
To demonstrate that our RCA-qPCR method had the possibility for 5hmC quantification, we first performed the RCA-qPCR assays using probes with different 5ghmC modification densities (Fig. 3) . The HPLC-MS/MS results of probes with different 5ghmC densities (5ghmC probe D-1, D-2, D-3, D-4, D-5) are shown in Fig. S3 . Besides the 5ghmC probe D-1, which did not possess detectable 5ghmC (0.00 ± 0.00 per 1000 C), we obtained four probes with 5ghmC density ranging from 7.26 ± 0.42 per 1000 C (5ghmC probe D-2) to 69.48 ± 3.47 per 1000 C (5ghmC probe D-5).
Here, the Ct value of the RCA-qPCR reaction using the 5ghmC probe D-1, which had no cytosine modification was set as the baseline, the ΔCt values were calculated by subtracting the baseline from the Ct values of each qPCR reactions. As shown in Fig. 3a, the ΔCt values increased with the increase of the 5ghmC density of the dsDNA probes. Moreover, we could observe a good linear relationship between the 5ghmC density in the initial templates and the qPCR ΔCt values (ΔCt = 0.0209 ×[5ghmC/1000 C] + 0.111, R 2 = 0.97, Fig. 3b ). What is more, the 5ghmC density, as low as 7.3 ± 0.4 -14.7 ± 0.2 per 1000 C, could still lead to an obvious increase of Ct values compared with baseline values, indicating that our method had the capability for 5hmC quantification (Fig. 3b) .
We further explored the influence of the sequence context on the relationship between the ΔCt values and the 5ghmC levels. The 5ghmC-dsDNA probe was diluted with the C-dsDNA probe at molar ratios of 0:1, 1:14, 1:5, 1:2, 1:1, 2:1, 9:1 and 1:0, with the total amount of two dsDNA probes being the same as before (0.3 pmol). Figure 4 shows the ΔCt values of the qPCR reactions, which increased with the increment of the 5ghmC-dsDNA probe ratios. We converted the 5ghmC probe molar ratios to the 5ghmC levels in the RCA-qPCR reaction according to Eq. (1), as listed below, in which the "Ratio" meant the percentage of the 5ghmC-dsDNA probe in the initial dsDNA probe mixtures; "69.48" was the number of 5ghmC per 1000 C in 5ghmC-dsDNA probe. A positive correlation existed between 3) . A two-tailed student's t-test was used to evaluate the statistical significance. "***" indicated the p <0.0001, while the "ns" indicated "no statistical significance". the ΔCt values and the 5ghmC levels (5ghmC/1000 C) in the initial RCA-qPCR templates (ΔCt = 0.0204 ×[5ghmC/1000 C] + 0.104, R 2 = 0.98, Fig. 4b ).
Levels [5ghmC/1000 C] = Ratio × 69.48 (1) Since the total amount of the input templates was identical in all RCA-qPCR reactions (0.3 pmol), 5ghmC in the templates of Fig. 4 should be more densely distributed in less templates due to the co-existence of C-dsDNA probes, compared with the 5ghmC modified probes containing the same 5ghmC levels as used in Fig. 3 , where 5ghmC was distributed averagely in every dsDNA probe. This meant that we compared one region containing a higher percentage of 5hmC within a short part of the sequence and the other region with the same number of 5hmC, which were spread out over a longer region. The linear equations in Figs. 3b and 4b had the same tendency with similar slope and intercept values. These results suggested that under the present range of the modification levels, the 5ghmC level was the dominant factor that determined the ΔCt values of RCA-qPCR reactions.
The positive correlation between the ΔCt values and the 5ghmC content suggested that this assay had a potential application in evaluating the 5hmC contents with the relative low requirement for equipments. Because of the similar behavior of the C-and 5hmC-related RCA-qPCR reactions (Fig. 2) , fragmented genomic samples before glucosylation reaction could be used as a control to calculate the ΔCt values. After cyclization with the adaptor and the RCA reaction, a specific qPCR primers could be used to detect the 5hmC levels within targeted regions. Since 5hmC is an epigenetic hallmark of many cancers and tumors, 6, 24, 25 we could further apply this method in disease prognosis and diagnosis by monitoring the variation of the 5hmC levels within certain regions.
Conclusions
Assisted by the high glucosylation efficiency of T4 βGT, 5hmC could be specifically detected after converting into 5ghmC. By conducting a two-step amplification assay mediated by glucosylated 5hmC, a novel and convenient method was developed for distinguishing 5ghmC from 5hmC, 5mC and C.
Potentially, this method could be used for 5hmC detection and quantification.
